We describe global embeddings of fractional D3 branes at orientifolded singularities in type IIB flux compactifications. We present an explicit Calabi-Yau example where the chiral visible sector lives on a local orientifolded quiver while non-perturbative effects, α corrections and a T-brane hidden sector lead to full closed string moduli stabilisation in a de Sitter vacuum. The same model can also successfully give rise to inflation driven by a del Pezzo divisor. Our model represents the first explicit Calabi-Yau example featuring both an inflationary and a chiral visible sector.
Introduction
Fractional BPS D-branes at Calabi-Yau (CY) singularities provide a powerful realisation of gauge theories in string theory. These configurations have been useful in the study of gauge/gravity dualities and as starting points for fully-fledged string compactifications with chiral matter. The gauge theories corresponding to a collection of fractional branes are properly represented in terms of quiver diagrams which are two-dimensional graphs where nodes, representing the fractional branes, are joined by lines representing matter fields transforming in bi-fundamental representations of the corresponding gauge symmetries.
In the absence of an orientifold action the graph is oriented with outgoing/ingoing arrows representing fundamental/anti-fundamental representations of the corresponding gauge group at the node. Orientifold involutions change the orientation of the diagram and the associated gauge theory with U (N ) groups are either identified with each other under the involution or projected down to SO(N )/USp(N ) if the involution acts non-trivially on the corresponding node. The orientation of the arrows is changed appropriately and the quiver is generically no longer oriented.
In order to have a complete string theory background that is phenomenologically viable, the quiver gauge theory has to be globally embedded in a consistent compactification. In type IIB the most interesting compactifications are Calabi-Yau threefolds with a proper orientifold involution that leads to N = 1 supersymmetry. This generically implies the presence of O7 and/or O3-planes that carry RR charges. To cancel those charges, collections of D-branes have to be added at different locations in the compact space. Furthermore gauge fluxes of different antisymmetric tensors have to be turned on to satisfy consistency conditions. These fluxes induce non-trivial F-and D-terms in the effective 4D theory that help to stabilise the geometric moduli. Finally the presence of ED3-instantons gives rise to non-vanishing superpotentials that, together with fluxes and α effects, can stabilise all moduli fields in a de Sitter vacuum.
The construction of explicit compactifications with quiver gauge theories on fractional D3 branes at singularities, is a very promising way to go for string phenomenology since it can lead to a chiral 4D visible sector. A consistent global embedding of them should be characterised by full moduli stabilisation in an almost Minkowski vacuum and interesting cosmological implications. A successful embedding of oriented quiver theories in compact Calabi-Yau orientifolds has already been presented in [1] [2] [3] [4] . In this article we extend this approach by showing how to do that for orientifolded quivers. We will exemplify this class of string constructions by presenting a concrete model where a global embedding and moduli stabilisation are explicitly realised.
Besides the natural motivation to fill the gap on this general class of string compactifications, orientifolded quivers have several interesting phenomenological properties:
• The minimal quiver extensions of the supersymmetric Standard Model consists of three or four-node quivers which are unoriented, for some nodes there are only incoming or outgoing arrows. This cannot be obtained from standard oriented quivers (see for instance [5, 6] ).
• Orientifolded quivers are more generic than oriented ones since, from the global embedding point of view, they do not require Calabi-Yau threefolds with two identical singularities mapped to each other under the orientifold involution.
• Concrete local models of dP n quivers can, after Higgsing, give rise to semi-realistic extensions of the Standard Model without the need of flavour D7-branes.
A pictorial representation of the two classes of string compactifications for the case with four Kähler moduli is illustrated in Fig. 1, 2 and 3 . We focus on cases where the volume of the Calabi-Yau manifold admits a typical Swiss-cheese form: V = τ Global embedding of a local oriented quiver coming from fractional D3 branes at singularities. The action of the orientifold involution is represented by the dashed line. The involution exchanges two identical quivers. An additional del Pezzo divisor can support either an ED3-instanton or a D7 stack with gaugino condensation. Due to the presence of non-zero gauge fluxes, the large four-cycle tends to be wrapped by a hidden D7 stack (T-brane) which is responsible for a dS vacuum.
size. The four-cycles in the geometric regime which are transversally invariant can be either del Pezzo divisors supporting non-perturbative effects or large cycles wrapped by a hidden D7 T-brane stack which is responsible for achieving a dS vacuum [7] .
On the other hand, Fig. 2 and 3 show two different possible global embeddings of orientifolded quivers. In both cases the fractional D3 branes sit at an orientifolded singularity obtained by D-term fixing and the large cycle is wrapped by a hidden D7 T-brane stack. The only difference is in the behaviour under the involution of the two del Pezzo divisors in the geometric regime which are wrapped by ED3-instantons: in Fig. 2 they are transversally invariant, and so they give rise to standard O(1) instantons, while in Fig. 3 they are exchanged under the involution, leading to a U (1) instanton (for a review see [8] ). Due to the technical difficulty to deal with U (1) instantons, in this paper we shall focus only on the case depicted in Fig. 2 . Due to the presence of two del Pezzo divisors in the geometric regime, such a model is also suitable to drive inflation, as we show in our explicit example: one of these blow-up modes can play the rôle of the inflaton while the other can keep the volume mode stable throughout the whole inflationary dynamics [9] . Our model, therefore, represents an explicit Calabi-Yau compactification with both a chiral visible sector and a successful inflationary dynamics. This paper is organised as follows. In Sec. 2 we describe the details of the local model and the corresponding orientifolded quiver while in Sec. 3 we first list the consistency conditions for a successful global embedding and then we present a concrete Calabi-Yau example with an explicit choice of orientifold evolution, D-brane setup and gauge fluxes. Sec. 4 provides a systematic analysis of all the effects which lead to full closed string moduli Global embedding of an orientifolded quiver. The action of the orientifold is represented by the dashed line. The two del Pezzo divisors in the geometric regime are wrapped by ED3-instantons which are exchanged under the involution, and so lead to a U (1) instanton. The large (orientifold invariant) cycle is instead wrapped by a D7 T-brane stack that gives rise to a dS vacuum. stabilisation in a Minkowski (or slightly dS) vacuum. In Sec. 5 we then perform a complete multi-field analysis to show how our model can also successfully drive inflation. We finally present our conclusions in Sec. 6. 
The local model
For concreteness, in this work we will focus on the field theories arising from D3-branes probing isolated orientifolds of the C 3 /Z 3 orbifold. From the global embedding point of view, this kind of models are obtained by shrinking a dP 0 divisor to zero size. Higher order del Pezzo singularities can be considered in a similar way.
Basics of C 3 /Z 3 orientifolded quivers
In the worldsheet CFT describing type IIB on flat space, we gauge the group with generators {Ω(−1) F L I, R}, with Ω worldsheet-parity, F L the left-moving fermion number, and the following geometric actions on the C 3 coordinates: R : (x, y, z) → (ωx, ωy, ωz) (2.1)
where ω = exp(2πi/3). Consider first the gauging of the R generator, in the presence of D3-branes at x = y = z = 0. The resulting quiver can be obtained by applying the techniques in [10] , with the result being the quiver described in Fig. 4 (a). If we now gauge the Ω(−1) F L I generator we end up with the quiver theories depicted in Fig. 4 (b) and 4(c) [11] [12] [13] [14] . Which possibility we end up with depends on the choice of representation of the orientifold involution on the Chan-Paton factors. More concretely, these theories are described by the following matter content, where we also indicate the transformation under the non-anomalous global symmetries. For the USp projection we have:
while for the SO projection we have:
In both cases we have a non-vanishing superpotential of the form W = ijk Tr(A i A j B k ). The resulting brane system sources no D7 or D5 charge, while sourcing (2N − 3)/2 units of mobile D3 charge (in the double cover) in the SO case, and (2N + 3)/2 units of mobile D3 charge in the USp case [15] . Our goal in this paper is to study these theories as examples for semi-realistic string constructions, so choosing the SO projection with N = 5 would seem optimal: we obtain a SU (5) theory with three generations of 5 and 10, reasonably reminiscent of conventional SU (5) GUT models, except for the absence of the corresponding Higgs boson. Unfortunately, as we will review momentarily, the resulting theory has a dynamically generated runaway superpotential, which makes it unsuitable for model building purposes. 1 
The SU (5) model
The non-perturbative dynamics of the SU (5) case has been studied in [16] (see also [17] for a recent detailed study), which we now briefly review for completeness. (The contents of this section are not essential for the rest of the paper, and so can be safely skipped.)
Taking N = 5 in (2.4), and forgetting about the discrete global symmetry for simplicity, we have the field content:
and superpotential:
It is convenient, as done in [16] , to start by studying the theory in the absence of superpotential, i.e. sending λ → 0. In this case there is an enhancement of the global symmetries, and we have:
We have also written the basic confined fields describing the IR of this s-confining theory [18] . The U (1) R symmetry generator is chosen to agree with the one present in the theory with λ = 0. We have introduced: The confined description has a superpotential [18] :
whose equations of motion give the quantum moduli space, which in this case agrees with the classical moduli space. We now reintroduce the superpotential coupling (2.6), which in the confined variables becomes simply:
The full superpotential in the confined variables thus reads:
It was shown in [16] that, due to the linear term proportional to λ, there is no solution to the F-term equations arising from this superpotential. As a simple illustrative example, it is clear that along the det(V ) = 0 directions one has a mass for the T and U fields, and upon integrating them out one obtains an effective superpotential given by:
This is perhaps best understood in terms of the S-dual configuration [17] , where this effective superpotential arises from the ADS mechanism [19] . The runaway directions caused by the superpotential (2.13) could be avoided by the presence of soft mass contributions for the matter fields generated by supersymmetry breaking background fluxes. However this open string stabilisation mechanism would lead to a complete breaking of the visible sector gauge group. Therefore we shall not consider this option but focus on visible sector configurations where no non-perturbative superpotential gets generated.
2.3
The SU (7) × SO(3) model and beyond
The theories that we are constructing have a conventional large N dual description in terms of a freely acting orientifold of AdS 5 × (S 5 /Z 3 ), so for N ≥ N we expect to have no runaway superpotential, as long as (the a priori unknown) N is large enough, since in these cases an interacting SCFT is expected to exist. In general it is rather difficult to understand precisely the IR dynamics of the class of theories under consideration, so the determination of N is quite non-trivial, but in this case a shortcut exists: the arguments of [17] imply (assuming that the duality proposed in that paper is correct) that the N = 7 theory (i.e. the SU (7) × SO(3) theory) already has a supersymmetric minimum. This follows since the strong coupling dual of this theory, which has USp(8) × SU (4) gauge group, can be shown to become free in the IR. The same should then be true of the SU (7) × SO(3) theory. Thus, in order to prevent any runway in the open string sector, one simple way out of our predicament is to take N ≥ N = 7 (that is, adding extra D3-branes), while keeping the rest of the setup untouched. This is what we will assume for the rest of the paper.
Global embedding

General consistency conditions
As mentioned in the introduction, there is a technical challenge to embed local quiver models in fully consistent string compactifications. Given a concrete local model, there may be several ways to embed it into the myriad of Calabi-Yau compactifications known to date that have the corresponding singularity. The consistency conditions are:
Global embedding of the orientifolded singularity: The local model consists of a point-like singularity and an orientifold involution that makes the singular point fixed under the involution itself. The embedding of the local model requires to find a Calabi-Yau that can admit the desired singularity and allows for a globally defined involution which keeps the singular point fixed. This is a non-trivial task. Moreover, there are two possibilities that could arise: 1) the singular point is an isolated fixed point, or 2) it sits on top of a fixed codimension one locus (i.e. divisor). The case discussed in the previous section is of the first kind, and this is what we will focus on in this paper. The second possibility is also interesting but introduces the difficulty of having O7-planes extending into the bulk, which slightly complicates the construction of tadpole-free global models.
D7-tadpole cancellation:
The introduction of an orientifold involution generates a set of O-planes. These O-planes have a non-zero D7-charge which needs to be cancelled on a compact space. Hence, we have to introduce some D7-branes in the background. The easiest choice to cancel the D7-tadpole is to put 4 D7-branes (plus their 4 images) on top of the O7-locus. This will generate a hidden sector with SO(8) gauge group. As we will see, in some situations a two-form flux must be switched on along the D7-brane worldvolume.
D3-tadpole cancellation:
Both the D-branes at the singularity, the hidden sector D7-branes (with or without fluxes) and the O-planes carry a net D3-charge. Summing all their contribution typically gives a negative number (if the gauge flux does not contribute with a positive large number). This needs to be cancelled by other contributions coming from different objects in the compactification, i.e. mobile D3-branes and 3-form fluxes. These last ones in fact carry a positive D3-charge. Having a large negative D3-charge coming from the D-brane setup is desirable in order to have a large D3-charge at our disposal for switching on a large number of tunable 3-form fluxes (necessary to fix the complex structure moduli and the axio-dilaton).
Non-perturbative effects: In order to stabilise the Kähler moduli, some non-perturbative effects should be present. One typically needs rigid cycles in the compact Calabi-Yau that can support O(1) instantons (or D7-brane stacks undergoing gaugino condensation) generating a non-perturbative superpotential W np ∼ A e −aT (where T is the Kähler modulus whose real part measures the size of the rigid divisor). The presence of D7-branes in the compactification can spoil the generation of such a nonperturbative superpotential and one needs to constrain the D7-brane data to avoid this clash [20] . The best situation is when non-perturbative effects are supported on rigid del Pezzo divisors which do not intersect with the visible sector D-brane stack [21] .
In the following, we will present an explicit, consistent, global setup where all these issues are taken into account.
Explicit example: global orientifolded dP 0
Let us consider the Calabi-Yau three-fold X defined by the following toric-data [22] : 2 and Stanley-Reisner ideal:
The Calabi-Yau X is a hypersurface in the above ambient space given by the vanishing of a polynomial whose degrees can be read from the last column of (3.1). Its Hodge numbers are h 1,1 (X) = 4 and h 1,2 (X) = 214 (the Euler characteristic is then χ = 2(h 1,1 −h 1,2 ) = −420). A basis of H 1,1 (X) is given by: 3
The intersection form in this basis is diagonal:
This Calabi-Yau threefold has one dP 0 at Z = 0 and two dP 8 's at W 4 = 0 and W 5 = 0. The second Chern class of the Calabi-Yau threefold is: 4
where the 1/3 factor appears because we are not using an integral basis (but c 2 (X) is an integral four-form). Its simple form is due to the intersections (3.4) in the chosen basis.
Expanding the Kähler form in the basis (3.3), J = i t i D i , one has the following volumes of the three del Pezzo divisors: 6) and the volume of the Calabi-Yau three-fold is:
The Kähler cone of the ambient space is:
This space is a priori only a subspace of the Kähler cone of the Calabi-Yau. However, the point we want to consider, i.e. a Calabi-Yau with two finite size dP 8 divisors and one dP 0 singularity, is included in this subspace (at the boundary). 5 Given the Kähler cone conditions in (3.8), the overall volume in terms of the four-cycle moduli looks like:
. (3.9)
Orientifold involution
The Calabi-Yau at hand has only one involution coming from the toric variety which has Z = 0 as a fixed point set, i.e: σ :
The hypersurface equation that respects this involution takes the form:
where A 0,6n,4n,4n (W i ) are polynomials in W i with the indicated degree. Although it might look as if (3.11) describes a non-generic Weierstraß fibration, we see from the SR-ideal 4 In this paper, we use the same symbols for the divisors of X and their Poincaré dual two-forms. 5 When the dP0 shrinks, i.e. for t4 → 0, the Kähler cone becomes:
(3.2) that the fibration structure is not respected by the triangulation of the polytope. Otherwise, the divisor D Z would be a dP 2 .
The fixed point set of the involution (3.10) is given by the codimension-1 loci {Z = 0} and {Y = 0} and two fixed points {W 1 = W 3 = W 4 = 0} and {W 1 = W 2 = W 5 = 0}. The last two loci are O3-planes (each contributing with −1/2 to the D3-charge).
D-brane setup
After shrinking the dP 0 surface at Z = 0 (which, as we will show in Sec. 4.1, can be induced by D-term stabilisation), we obtain a singular point that is left fixed by the orientifold involution. Placing D3-branes on top of it generates the quiver gauge theory described in Sec. 2.3.
We will cancel the D7-tadpole generated by the O7-plane at Y = 0 by putting four D7-branes (plus their four images) on top of Y = 0. This will give the hidden sector responsible for achieving a de Sitter vacuum.
Since there are two rigid dP 8 divisors that are invariant under the orientifold involution, they will be wrapped by O(1) ED3-instantons. The wrapping number can be 1 if the gauge invariant flux F = F − ι * B can be set to zero. In order to have this, we will choose the B-field to be:
This allow us to set F E3 2 = F E3 3 = 0 by the proper choice of the half-integral gauge fluxes F E3 2 and F E3 3 on the two ED3-instantons. We would also like to have zero chiral intersections between the ED3-instantons, wrapping D 2 and D 3 , and the D7-branes wrapping the divisors
). This can be done by properly choosing the flux on the D7-branes. The chiral intersections are given by:
where in the last equality we have used F E3 i = 0. The gauge flux on the D7-brane must be properly quantised to cancel the Freed-Witten anomaly [24] . In the present case:
where ι * D is the pull-back of the CY two form D on the D7-brane worldvolume. A flux satisfying this condition is of the form:
where F int D7 is an integral two-form of X, i.e. it is given in terms of the integral basis
In terms of the integers n i , the constraints I E3 i D7 = 0 become:
The integer n 4 does not enter in the constraints, as ι * D 4 = 0 on the surface Y = 0. The gauge invariant flux on the D7-brane depends on one integer number n as:
The D3-charge generated by this flux is:
The fact that this is negative means that the flux on the D7-brane will never be supersymmetric in the absence of a non-vanishing vacuum expectation value (VEV) for an open string scalar field φ. 8 Before switching on the flux F D7 , the fields living on the worldvolume of the D7-brane stack are an 8D gauge connection and a scalar field Φ, both in the adjoint representation of SO (8) . In this section we study what is the 4D effective field theory around a zero VEV for the D7-brane worldvolume scalar field when we switch on the flux (3.17). This non-zero flux breaks the gauge group from SO(8) to U (4) and it generates a zero mode spectrum in the antisymmetric representation of U (4) whose net chirality is given by I A U (4) = 1 2 I D7−D7 + I D7−O7 where:
. Hence the number of chiral zero modes is:
A non-zero gauge flux on the D7-stack generates also a moduli-dependent Fayet-Iliopoulos (FI) term associated with the diagonal U (1) of U (4): 1 .
T-brane background
Above we have studied the effective theory on the D7-brane stack around the background where the D7-branes are on top of the O7-locus D Y and have zero VEV for the adjoint complex scalar Φ living on the D7-brane worldvolume and in the adjoint representation of SO (8) . We have seen that switching on a gauge flux on the D7-branes, the gauge group is broken to U (4). However, the supersymmetric equation of motion for the 8D theory when the flux (3.17) is turned on looks like:
Given that F D7 is never a primitive two-form for a non singular J, (3.22) forces Φ to develop a proper non-zero VEV. Hence Φ = 0 is not the true vacuum which is instead characterised by a non-vanishing VEV of both the gauge connection and the adjoint scalar field Φ. This solution consists of a so-called T-brane background with a given D3-charge which gives rise to a non-Abelian gauge group without any U (1) factor. Let us notice that the 8D supersymmetric condition (3.22) corresponds to the vanishing of the D-term potential from the 4D point of view. As we shall see in Sec. 4.1, the fact that the FI-term in (3.21) can never be zero for a finite Calabi-Yau volume forces some zero modes of Φ to get a non-zero VEV, leading the vacuum solution away from Φ = 0. Let us now describe this background solution more in detail. After the breaking SO(8) → U (4), the adjoint representation of SO(8) is broken as:
where R q is in the representation R for SU (4) and has charge q with respect to the diagonal U (1). Accordingly the scalar field Φ can be written as:
In this basis, the first four lines (and columns) refer to the four D7-branes, while lines (and columns) from the fifth to the eighth refer to their images. Hence the upper right block corresponds to strings going from the four D7-branes to their images, while the lower left block corresponds to strings with opposite orientation (in fact, they have opposite charges with respect to the diagonal U (1)). Giving a VEV to both φ 6 +2 and φ 6 +2 recombines some of the four D7-branes with some of the image D7-branes. On the other hand, φ 16 0 , that is in the adjoint of U (4), describes deformations and the recombinations of the U (4) stacks (that will be accompanied by the same process in the image stack).
These deformations of the theory can be studied globally, by reading the value of Φ from the tachyon matrix describing the D7-brane configuration. Let us describe this in a simple example. Let us consider a stack of D7-branes on top of a divisor D z = {z = 0}. Their configuration is described by the vanishing of the polynomial z 2 = 0. This setup, including also the possible gauge flux is described by the tachyon matrix [25] [26] [27] [28] [29] :
that is a map between two vector bundles [30] :
The line bundles on the left are related to anti-D9-branes while the ones on the right are related to D9-branes. The two-forms F 1 and F 2 are arbitrary. The tachyon condensation will produce the annihilation of the D9 and the anti-D9-branes wherever T has full rank and is therefore a bijective map. On the other hand, something remains on the locus where T has lower rank. In this case, we see that det T = z 2 = 0. Hence on z 2 = 0 the rank of T decreases and we are left with two D7-branes. The total D-brane charge is conserved in this process and hence can be computed before the tachyon condensation:
In our case ch(D9) = e If we now deform T by adding for example:
then det(T + Φ) = (z + z 1 )(z + z 2 ), i.e. the two branes split into two (almost everywhere) separated D7-branes. If we instead deform T by adding:
then det(T +Φ) = z 2 −x 1 x 2 , i.e. the two D7-brane have recombined into one D7-brane. On the other hand if we set x 2 ≡ 0 in (3.29) while keeping x 1 = 0, the equation defining the D7-brane configuration is z 2 = 0, i.e. the same as of a stack of two D7-branes. However, the gauge group is broken from U (2) to U (1). This is a T-brane [31] [32] [33] [34] (the name is based on the triangular form of (3.29) when x 2 ≡ 0) background: the two D7-branes form a bound state, whose gauge group is U (1) and whose tachyon matrix is:
This tachyon matrix (with its domain and codomain) is the only information we need to calculate the D-brane charges of the T-brane.
In an orientifolded theory, where the orientifold involution acts as ξ → −ξ for some coordinate ξ, the full tachyon (describing the invariant D7-brane configuration that cancels the O7-plane tadpole) must satisfy the condition [29] :
where S is a symmetric matrix and A an antisymmetric one in the standard basis of [29] .
There exists a change of basis, such that the matrices S and A take the following form: 
We need to specify also the domain and codomain of this map. As we have seen in the toy example above, this will determine the flux on the T-brane background. In the chosen setup, all the four D7-branes have the same flux. This is realised by the following map [29, 35] :
where F D7 and the B-field are defined in (3.14) and (3.12). 10 We can deform the background (3.33) by adding a matrix of the form (3.24). As we said we are interested in switching on only a off-diagonal block in (3.24) . One can switch on both off-diagonal blocks only when the gauge invariant flux F D7 = F D7 − B satisfies:
Otherwise, one of the off-diagonal block does not have the degrees necessary for a holomorphic section. In our setup this allows only the following values for n:
The supersymmetric constraint (3.22) tells us which block we have to switch on. One obtains the same result by studying the stability condition for the D-branes (see [36] ). In any case, the deformation does not change the D-brane charge, that can be read off from (3.34):
The D-brane charge of the O7-plane at Y = 0 is:
Summing them together, we actually see that all charges cancel except the D3-charge:
Now we can compute:
which for n given by (3.36) takes the three possible values
2 . This charge is half integral. To compute the total D3-charge, we need to add the half-integral D3-charge of the fractional branes, that for N = 7 is equal to In our situation we have the following T-brane solution:
The locus where the brane are sitting is still the same as for Φ = 0, but the gauge group is reduced to Sp(1) × SO(4) without any U (1) factor. As we shall see in Sec. 4.2 a non-zero VEV for Φ produces couplings in the 4D EFT after compactification which are crucial to obtain dS vacua [7] .
Moduli stabilisation
We will now describe how all closed string moduli can be stabilised in a dS vacuum. These consist of h
Background fluxes and D-terms
We shall now show how to fix all these moduli, realising an explicit LARGE Volume Scenario (LVS) [37] [38] [39] . Given that the overall volume V turns out to be exponentially large in string units, the contributions to the 4D scalar potential from different sources can be effectively organised in a 1/V 1 expansion. The leading terms emerge at O(V 2 ) and they arise from three-form background fluxes G 3 and D-terms. The tree-level Kähler potential K and the superpotential W read [40] (setting M p = 1):
Due to the no-scale cancellation, the supergravity F-term scalar potential takes the simple form:
This expression is positive semi-definite and admits a Minkowski minimum at D S W = D Uα W = 0 where the axio-dilaton and all complex structure moduli are fixed supersymmetrically. Supersymmetry is instead broken along the Kähler moduli directions which are however still flat at this order of approximation.
Other contributions of O(1/V 2 ) come from D-terms associated with the anomalous U (1)'s living respectively on the D7-stack wrapped around the O7-plane and the D3-brane at the dP 0 singularity. Thus the total D-term potential is given by:
3)
The bulk D-term potential reads (we are following the same conventions as [7] ):
where ξ D7 is given in (3.21), q φ i are the U (1) charges of the canonically unnormalised fields φ i and the hidden sector gauge kinetic function is f D7 = 3( 
where: 
where again, without loss of generality, we focused on just one canonically normalised visible sector matter field C; the gauge kinetic function at the quiver singularity is f D3 = S/(2π) and the visible sector FI-term scales as [1] [2] [3] [4] : given by an open string axion for branes wrapping cycles in the geometric regime, while they are mostly given by closed string axions for branes at singularities [41] , the moduli fixed by the D-terms are:
and
Given that the string scale M s is written in terms of the Planck scale as M s ∼ M p / √ V, the leading order potential generated by background fluxes and D-terms scales as M 4 s . It is therefore crucial that this potential vanishes at the minimum since otherwise we would not be able to have a trustable 4D EFT.
Non-perturbative and α effects
The directions which are flat at leading order can be lifted by any effect which breaks the no-scale structure. These include α corrections to the tree-level Kähler potential and non-perturbative contributions to the superpotential. When we study Kähler moduli stabilisation, we shall consider the S and U -moduli fixed at their tree-level VEV which will be only slightly shifted by the subleading effects we are considering.
The first α correction to the effective action arise at O(α 3 ) and modifies the tree-level K as follows (we are focusing only on the T -dependent part) [42] :
Other perturbative corrections to K arise at O(g 2 s α 2 ) from Kaluza-Klein string loops and at O(g 2 s α 4 ) from winding loops [43, 44] . At first sight, g s Kaluza-Klein loops might seem to be the dominant effect but, due to the extended no-scale cancellation, their contribution to the scalar potential arises effectively only at 2-loop O(g 4 s α 4 ) level [45] . On the other hand O(g 2 s α 4 ) winding loops are suppressed with respect to (4.10) by both g s and 1/V factors. Finally the scalar potential get corrected also by higher derivative F 4 terms at O(α 3 ) but these terms are again V-suppressed with respect to (4.10) [46] .
The tree-level superpotential receives instead non-perturbative corrections from the two ED3-instantons wrapping the two dP 8 cycles:
Plugging (4.10) and (4.11) into the general expression for the N = 1 supergravity F-term scalar potential, we obtain three contributions:
where (writing W 0 = |W 0 | e iθ 0 , A 2 = |A 2 | e iθ 2 and A 3 = |A 3 | e iθ 3 ):
(4.14)
In Sec. 5 we will use the complete expressions (4.13) -(4.15) to perform a numerical study of the full inflationary dynamics of our model where the inflaton can be either of the two blow-up modes τ 2 and τ 3 . However, in order to develop an analytical understanding of moduli stabilisation, we shall now approximate the scalar potential by considering only the leading order terms in the large volume limit V ζ. This leads to a typical LVS scalar potential of the form:
(4.16) Notice that the cross term between the two blow-up modes drops out at leading order, and so the two axions ρ 2 and ρ 3 are fixed at:
The potential (4.16) has to be supplemented with the contributions from the soft scalar masses of the open string modes ϕ and C which read:
where the generic expression of the scalar mass m 0 involves the gravitino mass m 3/2 , the moduli F-terms and the Kähler metric for matter fieldsK as follows:
The Kähler metric for ϕ depends just on the dilaton S since it is given byK ϕ = 1/Re(S). Given that S is fixed supersymmetrically, i.e. F S = 0 (at least at leading order), the mass term for the hidden sector matter field ϕ is simply given by the gravitino mass:
On the other hand, the Kähler metric for C depends also on the T -moduli sinceK C = 1/τ 1 + · · · where the dots represent corrections beyond tree-level. Plugging this expression ofK C into the general formula (4.19) for soft scalar masses, one finds a leading order cancellation between the gravitino mass and the non-zero F-terms of the 'large' Kähler modulus τ 1 which is due to the underlying no-scale structure [47, 48] . Due to the locality of the visible sector which determines the form ofK C , the visible sector field C acquires a mass of order m 3/2 / √ V which is suppressed with respect to the gravitino mass [47, 48] . Therefore we end up with:
where we have written ϕ in terms of V according to the first D-term stabilisation condition in (4.9). If m 2 C > 0, the visible sector field C is fixed at zero size, i.e. |C| = 0. From the second D-term condition in (4.9) this, in turn, implies τ 4 = 0 ensuring that the dP 0 divisor supporting the visible sector is collapsed to zero size. This result is very robust since, due to the sequestering effect, τ 4 remains in the singular regime, i.e. it develops a VEV below the string scale, even if C develops a tachyonic mass [4] .
Setting |C| = 0, the total F-term potential therefore becomes (including the correct normalisation of V LV S ): 11 
We point out that (4.23) implies: 25) and so the difference between the two blow-up modes is controlled by the two prefactors of the non-perturbative effects |A 2 | and |A 3 |. If all moduli are fixed at their minimum, the resulting vacuum energy turns out to be (neglecting O( ) corrections): 
Plugging this result back in (4.24) we obtain: 28) showing that the sum of the two dP 8 divisors is controlled just by the α parameter ζ which depends on the Calabi-Yau Euler number χ(X) and the string coupling g s .
Moduli mass spectrum and soft terms
Before presenting some explicit choices of the underlying parameters which give rise to a dS vacuum with all closed string moduli stabilised, let us describe what is the resulting moduli mass spectrum. The closed string moduli fixed at O(1/V 2 ) are the dilaton S, the complex structure moduli U α , α = 1, ..., h
1,2
− , and the Kähler modulus T 4 = τ 4 + iρ 4 . The volume of the dP 0 divisor τ 4 acquires a mass of order the string scale while the associated axion ρ 4 is eaten up by the anomalous U (1) at the singularity in the process of anomaly cancellation. On the other hand, S and the U -moduli develop a mass of order m 3/2 . At this level of approximation the vacuum is Minkowski and supersymmetry is broken along the three Kähler moduli T 1 , T 2 and T 3 which are however still flat directions.
These directions are lifted at O(1/V 3 ) by subdominant non-perturbative and α effects. The two blow-up modes τ 2 and τ 3 , and their associated axions ρ 2 and ρ 3 , develop a mass of order m 3/2 . Let us stress that the dilaton and the complex structure moduli can be safely integrated out even if their mass is of the same order of magnitude since they are decoupled (at leading order) from the Kähler moduli as can be seen from the factorised form of the tree-level Kähler potential in (4.1). The divisor volume τ 1 which controls the overall volume acquires instead a lower mass of order m 3/2 / √ V. Given that this modulus is fixed via perturbative effects, its axionic partner ρ 1 , remains still massless at this level of approximation. This axionic direction gets lifted by T 1 -dependent non-perturbative corrections to the superpotential. The resulting mass for ρ 1 is exponentially suppressed with respect to the gravitino mass since it scales as m 3/2 e −V 2/3 .
In the final dS vacuum supersymmetry is broken mainly along the Kähler moduli directions which develop non-vanishing F-terms of order F T i /τ i ∼ m 3/2 ∀i = 1, 2, 3. The dilaton and the complex structure moduli also develop non-zero F-terms since their treelevel supersymmetric VEVs are shifted by non-perturbative and α effects. However these F-terms are subdominant since they scale as F S ∼ F U ∼ m 3/2 /V. The F-term of the dP 0 modulus T 4 remains instead zero.
Supersymmetry breaking is mediated to the visible sector at the dP 0 singularity via gravitational interactions. However, since the visible sector is localised at a singularity, sequestering effects give rise to soft terms which are suppressed with respect to the gravitino mass. 12 In particular, squark and slepton masses scale as m 2 0 ∼ m 2 3/2 /V while gaugino masses arise only at subleading order (since they are generated by the F-term of the dilaton) and scale as M 2 1/2 ∼ m 2 3/2 /V 2 [47, 48] . 13 The µ-term, which sets the Higgsino mass, is also of order M 1/2 (if it is generated from Kähler potential contributions). This leads to a split supersymmetry scenario with TeV-scale gauginos and neutralinos for values of the volume of order V ∼ 10 6 − 10 7 [47, 48] .
Choices of underlying parameters
In this section we shall present some choices of the underlying parameters which allow for an explicit stabilisation of all Kähler moduli in a Minkowski (or slightly dS) vacuum. As can be seen from (3.23), the U (1) charge of the hidden sector field ϕ is q ϕ = 2. Moreover, the integer n which fixes the gauge flux on the D7-stack (and, in turn, also the U (1) charge of the closed string modulus T 1 ) can consistently take only the values listed in (3.36). We will also take into account N = 1 corrections to the Calabi-Yau Euler number due to the presence of O7-planes. This lead to an 'effective' Euler characteristic defined as [50] : 29) where we have used the fact in our case the O7-planes consist of two non-intersecting components Z = 0 and Y = 0. 14 Thus the parameters which we can choose (allowing an appropriate tuning of the background fluxes) are five: n, g s , |W 0 |, |A 2 | and |A 3 |. We shall now present some illustrative choices of these five parameters which lead to a Minkowski vacuum in the simple situation where |A 2 | = |A 3 | ≡ |A s |. As explained around (4.25), this simplification forces the two dP 8 moduli to have the same VEV: τ 2 = τ 3 ≡ τ s . Moreover we will set the flux parameter n = −1 (which leads to C up = (3/2) 5/3 /(4π) = 0.1564), and so we end up with only three free parameters g s , |W 0 | and |A s |. The condition for a vanishing cosmological constant (4.27) fixes just one of them while the other two remain free and can be used to obtain TeV-scale gauginos and to ensure that the string coupling is in the perturbative regime. Tab. 1 presents five different choices of these parameters for g s 1 while Fig. 5 shows more in general how τ s , V and the ratio |W 0 |/|A s | vary with the string coupling g s . Table 1 : Five choices of the underlying parameters which lead to a Minkowski vacuum. The values on the left have been obtained by using the leading order potential while the values listed on the right have been obtained using the full scalar potential. Notice that the leading order potential produces the global minimum with quite good accuracy for small string coupling. 
Inflation
The form of the Calabi-Yau volume (3.9) and the scalar potential (4.16) are particularly suitable to realise an inflationary model where the inflaton is the blow-up mode τ 2 [9] . If this field is displaced from its minimum, it experiences a very flat potential due to the exponential suppression coming from the T 2 -dependent non-perturbative effects. If during the inflationary evolution both τ 1 and τ 3 are kept at their minimum, the single-field inflationary potential takes the simple form: 15
where we have neglected the T 2 -dependent non-perturbative term with a double suppression. Interestingly, the stabilised values of the moduli presented in Tab. 1 are in the right ballpark to reproduce the correct amplitude of the density perturbations.
The need for a multi-field analysis
In order to decouple the volume mode from the inflationary dynamics or, in other words, to keep it fixed during inflation, the authors of [9] assumed the presence of n 1 blowup modes. In fact, in this case the minimisation condition (4.28) would be modified to (assuming that each 'small' divisor is wrapped by an ED3-instanton):
When τ 2 is displaced from its minimum, the τ 2 dependent terms in the scalar potential are exponentially suppressed with respect to the rest, and so can be safely neglected. Hence the minimisation relation (5.2) simplifies to:
whereτ i is the new value of the i-th blow-up mode. Ifτ i = τ i , the relations (4.23) would cause the volume to get destabilised from its initial VEV. The stability requirementτ i τ i therefore translates into:
which can be easily satisfied for n 1. In our case however n = 3, and so the stability condition (5.4) reduces to τ 2 τ 3 . From (4.25), we can clearly see that this condition can be satisfied only if |A 2 | |A 3 |. Even if the two pre-factors of the non-perturbative effects are tuned to achieve the required hierarchy, 16 it is still necessary to go beyond the singlefield dynamics described by the potential (5.1) to study the full three-field inflationary evolution since, in the case with only two blow-up modes, the volume shift during inflation can never be completely ignored. However let us point out that the single-field potential (5.1) still provides a good qualitative understanding of the reason why we can obtain a potential which is flat enough to drive inflation even in the more general multi-field case.
Multi-field inflationary evolution
In this section we shall follow ref. [52] and perform a numerical multi-field analysis to find inflationary trajectories which reproduce enough efoldings of inflation and are stable throughout all inflationary dynamics, from given initial conditions to the final settling of the fields into the global Minkowski minimum. We shall satisfy the stability condition (5.4) by choosing |A 2 | hierarchical smaller than |A 3 |, so that τ 2 τ 3 with still 2πτ 2 slightly larger than unity in order to be able to neglect higher order instanton contributions to the superpotential.
The three-field evolution is governed by the following Einstein-Friedmann equations:
where g ab is the field space metric, Γ a bc are the associated Christoffel symbols and N is the number of efoldings which we are using as the time coordinate during the evolution via dN = Hdt. Using (5.5) and (5.6), the variation of the Hubble rate in terms of the number of efoldings can be expressed as:
Thus the generic expression of the slow-roll parameter takes the form:
Notice that this definition of holds beyond the single field as well as the slow-roll approximation. In the slow-roll regime, (5.8) simplifies to:
The power spectrum and spectral index for scalar perturbations are given by: 10) where the COBE normalisation for the amplitude is P s = 3.7 × 10 −10 . We shall now solve the evolution equations (5.5) and (5.6) numerically, considering the complete expressions (4.13) -(4.15) for the scalar potential with the axions fixed at their global minimum (4.17). We shall also include an uplifting term with subleading corrections of the form:
where:
. (5.12)
Numerical analysis
We shall now set the gauge fluxes as in Sec. 4.4, i.e. n = −1, and perform appropriate choices of the remaining four free parameters, g s , |W 0 |, |A 2 | and |A 3 | which allow for a global Minkowski minimum and a viable inflationary dynamics. As studied in [53] , after the end of inflation the volume modulus drives an epoch of matter dominance which reduces the number of efoldings to N e 45. We shall therefore evaluate the two main cosmological observables, the scalar spectral index n s and the tensor-to-scalar ratio r, at horizon exit which in this model takes place around 45 efoldings before the end of inflation. At this point in field space we shall also make sure that the inflationary potential reproduces the correct amplitude of the density perturbations, taking into account the correct normalisation of the scalar potential by a factor of g s e Kcs /(8 π) (see App. A of [54] ). Before presenting the results of our numerical analysis, let us mention that the period of matter domination due to the light volume mode leads to a very low reheating temperature of order T rh O(1 − 10) GeV with important implications for non-thermal WIMP dark matter [41, [55] [56] [57] , axionic dark radiation [58, 59] and Affleck-Dine baryogenesis [60] . In particular, the volume axion ρ 1 is ultra-light (since it acquires mass only via subleading nonperturbative effects suppressed by e −2πV 2/3 1), and so it behaves as an extra relativistic degree of freedom which contributes to N eff [58, 59] . Due to the non-vanishing branching ratio for the decay of τ 1 into ρ 1 , the ultra-light axion ρ 1 is produced at reheating, leading generically to ∆N eff O(0.5 − 1) (depending on the strength of the volume mode coupling to Higgses and the ratio between its mass and scalar masses) [61] . In the comparison of our model with cosmological observations, this extra amount of dark radiation should be imposed as a prior for Planck data analysis. If this is done, the value of the spectral index becomes closer to unity. In fact, the Planck paper [62] , presents an example with ∆N eff = 0.39 that gives n s = 0.983 ± 0.006 (TT+lowP). In the following, we shall therefore look for parameter values which yield n s 0.98 at N e 45 efoldings before the end of inflation.
The strategy used to find working values of the underlying parameters is the following: we considered a value of the string coupling which is still in the perturbative regime and then we found the range of parameters that lead to a stabilised value of the inflaton τ 2 such that 2π τ 2 is just slightly more than 1 so that higher instanton effects can still be negligible. In this way the shift of τ 2 from the minimum to drive inflation produces only a negligible shift of the local minimum of the other two moduli τ 1 and τ 3 . Moreover, we focus on these initial conditions:
Notice that even if we start with zero initial velocity for each field, the actual values for these field derivative variations are attained within a few efoldings during the evolution. Tab. 2 shows the values of g s , |W 0 |, |A 2 | and |A 3 | and the corresponding VEVs of all Kähler moduli which lead to a Minkowski vacuum and a viable inflationary dynamics with the correct COBE normalisation and enough efoldings of inflation. On the other hand, Tab. 3 gives the initial conditions, the number of efoldings, n s , r and the VEV of the tree-level complex structure Kähler potential needed to obtain P s = 3.7 × 10 −10 . 28.15 Table 3 : Initial conditions, number of efoldings and predictions for the cosmological observables for the five parameter choices given in Tab. 2. The values of K cs are those needed for obtaining the correct COBE normalisation of the scalar power spectrum P s (K cs can be positive or negative depending on the stabilised value of the complex structure moduli).
Let us make some comments on the values presented in Tab. 2 and 3:
• The VEV of τ 2 in Tab. 2 is smaller than 1. This is however the Einstein frame value of the volume of the corresponding dP 8 divisor in units of s = 2π √ α . This modulus is related to the corresponding string frame value as τ E = τ st /g s . Thus a 4D effective field theory analysis is under control if:
For all the parameter choices of Tab. 2, this ratio is consistently smaller than unity.
• Only the inflaton τ 2 is shifted significantly from its global minimum while the remaining two fields do not move much during inflation.
• Decreasing g s increases ζ, and so the blow-up mode τ 3 becomes larger and the model turns out to be more stable.
• Larger values of τ 3 give a larger overall volume V. However, the particular form of the uplifting contribution (5.11) sets an upper bound on V in order to avoid a runaway in the volume direction. This is consistently achieved by reducing |W 0 | while increasing τ 3 (i.e. decreasing g s ).
• |A 2 | is chosen in order to keep 2π τ 2 slightly above unity so that V and τ 3 do not shift significantly during inflation. Thus, as can be seen qualitatively from (4.25) , larger values of τ 3 imply smaller, and so more tuned, values of |A 2 |.
• In our model both of the blow-up modes are dP 8 divisors with the same intersection numbers. Moreover, both of them are wrapped by an ED3 instanton, resulting in the same coefficient in the exponent of the non-perturbative effects. The fact that these model-dependent parameters are the same for both τ 2 and τ 3 causes a small value of τ 2 and a tuned |A 2 |. More general cases with different intersection numbers and different origins of the non-perturbative effects, can give rise to larger values of τ 2 and more natural values of |A 2 | closer to unity.
• As can be seen qualitatively from the single-field potential (5.1), larger values of V yield a larger suppression of the density perturbations. Hence a correct COBE normalisation requires larger, and so more tuned, values of the tree-level complex structure Kähler potential K cs which appears in the prefactor of the inflationary potential as e Kcs .
• As explained in Sec. 4.3, TeV-scale gaugino masses require values of the volume of order 10 6 -10 7 while in our case the requirement to reproduce the correct amplitude of the density perturbations fixes V 10 3 − 10 4 and |W 0 | as in Tab. 2. Hence our model cannot lead to low-energy supersymmetry since the gravitino mass is of order 10 13 GeV for all the parameter choices of Tab. 2 while gaugino masses tend to lie around 10 10 GeV. 17 The main phenomenological implication of this result is that dark matter cannot be a standard WIMP (either thermally or non-thermally produced) but it should have a different origin. In LVS string compactifications a natural dark matter candidate is the light bulk axion ρ 1 [63] .
• Our numerical results are based on the assumption that the full α 3 correction to the Kähler potential is captured by (4.10) with the modification (4.29). However, a change in χ eff would only modify the numbers but not the possibility of getting inflation in an analogous setup.
Let us end this section by focusing on the third case in Tab. 2 and 3 which is characterised by rather natural values of the underlying parameters. Fig. 6 shows the numerical evolution of all fields during the whole inflationary epoch while Fig. 7 focuses only on the last 8 efoldings with a clearer representation of the final oscillations around the global 17 Small values of |W0| are compensated by large values of e Kcs/2 , so that m 3/2 is of the same order for all parameter choices of Tab. 2.
Minkowski minimum. Finally Fig. 8 shows the inflationary trajectory in the (τ 2 , ln V)-plane. From this plot it is clear that the resulting inflationary dynamics is stable and almost single-field. The distance travelled by the canonically normalised inflaton ϕ during inflation in the single-field approximation is of order ∆ϕ
showing that this is a small field model which gives r ∼ 10 −9 − 10 −8 . Moreover Fig. 8 shows that the inflationary energy density shifts the volume away from its global minimum during inflation. This initial misplacement is the origin of the epoch of volume mode domination after the end of inflation [53] . 
Conclusions
Quiver gauge theories play a crucial rôle for both the study of gauge/gravity dualities and for phenomenological applications since fractional D3-branes at singularities give rise to chiral matter. However most of the works so far have focused on local constructions in a non-compact background. Whilst these studies can address important model building issues for the visible sector like the realisation of the correct gauge group, chiral spectrum and Yukawa couplings [64] , they cannot answer global questions regarding moduli stabilisation, supersymmetry breaking and inflation. In order to build trustable and fully consistent models, it is therefore essential to embed quiver gauge theories in compact Calabi-Yau three-folds with full moduli stabilisation and an explicit brane set-up and choice of background and gauge fluxes which satisfy tadpole cancellation. We already started this line of research in a series of previous papers [1] [2] [3] [4] where we embedded in type IIB flux compactifications oriented quiver gauge theories with and without D7 flavour branes. In those models, the original Calabi-Yau three-fold features two identical del Pezzo divisors which are exchanged by the orientifold involution and shrink down to zero size due to D-term stabilisation. Fractional D3-branes then sit at these singularities and can give rise to a visible sector with a trinification, Pati-Salam or MSSM-like gauge group. Closed string moduli stabilisation works as in standard LVS scenarios where an additional del Pezzo divisor supports non-perturbative effects which, together with α corrections, fix the overall volume exponentially large in string units. This large value of the volume, combined with the fact that in those local models supersymmetry breaking can be sequestered from the visible sector [47, 48] , can lead to TeV-scale soft terms. Moreover the cancellation of Freed-Witten anomalies generically imply the presence of non-vanishing gauge fluxes on hidden sector D7-branes which therefore develop a T-brane background that naturally yields a Minkowski (or slightly de Sitter) vacuum [7] .
In this paper we extended this analysis by building the first examples of global CY orientifolded quivers. In our setup fractional D3 branes sit at orientifolded singularities in type IIB flux compactifications. These constructions are more generic than the previous ones since they do not require a Calabi-Yau with two identical del Pezzo divisors. Moreover, after Higgsing, local orientifolded quivers can give rise to realistic extensions of the Standard Model without the need of flavour D7-branes [5] .
After discussing the general conditions for a consistent global embedding, we presented an explicit Calabi-Yau example where fractional D3-branes live at a dP 0 orientifold singularity. This setup can yield an SU (5) GUT-like visible sector whose quantum dynamics generates however a runaway non-perturbative superpotential. This runaway can be avoided by the presence of soft supersymmetry breaking mass terms for the matter fields which would induce a non-vanishing VEV for these modes, resulting in a complete breaking of the visible sector gauge group. Hence we focused on a different D3-brane setup that leads to an SU (7) × SO(3) (and higher gauge groups) visible sector with no runaway non-perturbative superpotential. The visible sector is chiral and could be broken down to a more realistic gauge group via a proper Higgsing. We leave the construction of more realistic global orientifolded quivers to the future. This paper will serve as a useful refer-ence for the strategy which should be followed to build a consistent global model where a local chiral visible sector is successfully combined with full de Sitter closed string moduli stabilisation in the bulk.
Besides the dP 0 divisor collapsed to a singularity, our explicit Calabi-Yau example features two other dP 8 divisors and a large four-cycle controlling the overall volume of the extra dimensions. Both of the rigid del Pezzo's are wrapped by an ED3-instanton while the large divisor supports a hidden T-brane D7-stack that generates a positive contribution responsible for de Sitter uplifting. Closed string moduli stabilisation works again as in standard LVS where non-perturbative effects compete with the leading order α correction. Supersymmetry is broken by the F-terms of the bulk Kähler moduli and it is mediated to the visible sector at the dP 0 orientifold singularity via gravitational interactions. Interestingly, our model is also able to describe cosmic inflation which can be driven by one of the dP 8 moduli. In fact, as soon as this Kähler modulus is shifted from its minimum, it immediately features a very flat potential due the exponential suppression of the ED3 contribution [9, 52] . The presence of two blow-up modes is crucial to guarantee the stability of the inflationary dynamics since the volume mode is kept at its minimum during inflation by the dP 8 divisor which does not play the rôle of the inflaton. In order to fully trust our inflationary model, we performed a complete multi-field numerical evolution following each of the three fields from the initial conditions till the end of inflation where they oscillate and then settle in the Minkowski global minimum. The resulting inflationary model is of small-field type, and so the tensor-to-scalar ratio turns out to be too small to be observed in the near future: r ∼ 10 −8 . Moreover, the requirement to reproduce the correct amplitude of the density perturbations fixes the Calabi-Yau volume to a value which is too low to obtain low-energy supersymmetry. Thus in these scenarios supersymmetry does not directly address the hierarchy problem and dark matter cannot be a standard WIMP (either thermally or non-thermally produced) but it arises more naturally from axion-like particles [63] . A promising candidate is the axionic partner of the volume mode.
These models feature also an interesting post-inflationary evolution. The volume mode gets slightly shifted from its global minimum during inflation, and so drives an early period of matter domination after the initial reheating from the inflaton decay. This epoch of modulus domination reduces the number of efoldings to 45 [53] and leads to a dilution of any previous relic when the volume mode decays [41, [55] [56] [57] 60] . This late time modulus decay generically causes the production of ultra-light bulk axions which increase the number of effective neutrino-like degrees of freedom, leading to ∆N eff O(0.5 − 1) [58, 59, 61 ]. This in turn yields a scalar spectral index of order n s 0.97 − 0.98, in accordance with Planck data with a non-zero N eff prior [62] . Let us finally stress that our model represents the first explicit global Calabi-Yau example featuring both an inflationary and a chiral visible sector.
Our work leaves also several open challenges: a systematic classification of viable models, more general del Pezzo singularities with more realistic spectra and couplings, the inclusion of U (1) instantons, a successful model of string inflation with low-scale supersymmetry breaking, etc. At the current level of development of string compactifications, it is important to construct explicit examples which can address concrete physical questions and can also shed some light into potential generalisations and challenges. Our results illustrate how far we have been able to go in exploring realistic string scenarios and they open up a new avenue to explore physical implications of string compactifications. This is definitely a small but solid step forward.
